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Abstract

This paper addresses the problem of controlling a ma-
nipulator in compliant motion while in contact with
an environment having an unknown stiffness. Compli-
ance control isused as an implicit force control scheme
and establishes a user-specified target interaction dy-
namics between the reference position and the contact
force. T'wo adaptive lag-plus- feedfor ward compliance
compensators are developed in the paper. The compli-
ance compensators do not require force rate informa-
tion for implementation. Since the environmental stiff-
ness can typically vary by several orders of magnitude,
compensator adaptation is used to ensure a stable and
uniform system performance. Dynamic simulation re-
sults for a 7 1)01" Robotics Research arm are presented
to demonstrate the efficacy of the proposed compliance
control scheme in executing contact tasks. !

1 Introduction

Robust and reliable operation of manipulatorsin con-
tact with objects in their environment is the basic
requirement for successful execution of many robotic
tasks. Stable control of robot-environment interaction
poses a technically challenging problem, and has at-
tracted the attention of several roboticists for almost
two decades [see, eg., 1-3]. In particular, compli-
ant motion control, which isin essence position-based
force control, has been suggested try Kazerooni [4] and
Lawrence [5].

The objective of this paper isto develop a simple and

pragmatic approach to contact force control using the
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compliant motion framework. The proposed approach,
called adaptive compliance control, is an implicit force
control scheme in which the reference position is used as
a command to control the contact force, and no force
setpoints are used. Two simple adaptive compliance
compensators are developed which possess enhanced
stability and improved performance under gross vari-
ation of the environmental stiffness.

The paper is structured as follows. Section 2 dis-
cusses implicit force control within the compliant mo-
tion framework. In Section 3, two adaptive lag-plus-
feedforward compensators arc developed to accomplish
compliance with the environment. In Section 4, the
Robotics Research arm is used in a series of dynamic
simul a ions to demonstrate compliance control. The
paper is concluded in Section 5 with areview and gen-
eral discussions.

2 Implicit Force Control in
Compliant Motion

Robot manipulators arc always supplied with joint
servo controllers which ensure tracking of joint set-
points, and, in turn, enable the placement and orienta-
tion of their end-effectors in the workspace. For uncon-
strained free-space motions, the end-effector Cartesian
coordinates X (typical] y, a 6x1 vector of position and
orientation) can follow a user-spccificd nominal or ref-
erence motion trajectory X, using the joint servos and
inverse kinematic transformation. The underlying con-
cept of compliant motion control isto usc the position-
controlled robot as a baseline system and to make the
necessary modifications to this system to enable execu-
tion of constrained tasks that require robot interaction
with the environment. Figure 1 shows the block dia-
gram of a position-based implicit force control system
when the robot interacts with the environment. The



contact force F isfed back to the compliance compen-
sator K(s) which produces the position perturbation
Xy, S0 that the end-effecter tracks the modified com-
manded trajectory X, = X, — XI.

Now, since the manipulator position control system
ensures Cartesian trgjectory tracking, it can be as-
sumed that the internal position controller, in effect,
decouples the robot dynamics. As a result, we can con-
sider each cnd-effecter coordinate independent] y and
replace the position/orientation vector X in the con-
trol diagram by the scalar z, which can represent any
element of X. Furthermore, following Kazerooni [4],
Lawrence [5], and other researchers, it is reasonable to
model each position-controlled end-effector coordinate
by a second-order linear continuous-time system, so
that for each end-effecter coordinate the scalar transfer-
function relating the commanded position z,, to the ac-
tual position z is given by

G(s) W42 Ko - b .

Xc(s)  Jms?+Bps+ Ky,  s?2+4as+4b
(1)
where J,.,, By,,, and K, are the position-controlled ma-
nipulator mass, damping and stiffness parameters in
Cartesian-space respectively, a = %,,“ and b = fm.
This simple model can adequately account for the
small t ime-delays involved in the forward and inverse
kinematic calculations as well as the dynamics of the
position-controlled joint servo loops. This model is par-
ticularly suitable for industrial robots that use high gear
ratios which attenuate the nonlinear manipulator dy-
nami ¢s and make the second-order joint motor dynam-

ics dominant [6].

The environment can often be modeled as a linear
spring With cocflicient of stiffness K.,, aong the Carte-
sian axis of interest. Therefore, the force-displacement
model for the environment is given by Hooke’s law as

F = Kep(z — z¢) 2

where z. is the nominal position of the environment.
Similarly, the force/torque sensor mounted on the end-
cffector can be modeled as a pure spring with the stiff-
ness cocflicient K., since the dynamics of the sen-
Sor can be neglected in comparison with the compen-
sator and manipulator time-constants. Therefore, the
cffective stiffness of the sensor plus the environment
in a Cartesian direction is given by, K.= (I/Ken -I

1/K,,)"!.  Note that although the manipulator-
environment interaction can be modeled in detail as a
Iligll-order dynamical system [7, 8], the stiffness is often
the dominating factor in contact tasks such as assem-
bly, mating, and deburring [5, 9, 10], Furthermore, this
simple mode] is mathematically tractable and has been

widely adopted by several researchers. It is important
to note that when the robot is in contact with the envi-
ronment, the dynamic model of the position-controlled
end-effector coordinate is modified by the environment,
due to natural force feedback as

I + B + K = Ko — Ko 3)

Hence, at contact, the modified transfer-function G(s)
takes the form

~ X(9) b
G =" - - @
(&) =iee = STas+b 4)
where by = Kmtke)
In the next section, wc develop two compensators
based on compliance control to accomplish stable and
desirable contact with the environment.

3 Adaptive Compliance Control

In this section, we consider the compliance control sys-
tem shown in Figure 2 in which the reference position
z, isused as a command to control the contact force
F during constrained tasks. This is accomplished by
establishing a desirable position-force (z, — F) relation-
ship through an appropriate choice of the compensator
K(s). Compliance control accepts the position com-
mand =z, as. input and produces the contact force F as
output, and dots not use any force setpoint. This is
in contrast to admittance control [2] in which the force
sctpoint F,. is commanded to control the contact force
F, and the force error e is mapped to the position per-
turbation z;.

In subsequent sections, two simple adaptive compli-
ance compensators are presented to accomplish implicit
force control.

3.1 Stability-Based Adaptive Compli-
ance Compensator

Consider the implicit force control systcm shown in Fig-
ure 2 with the lag-plus-feedforward compliance compen-
sator P + 8
- as-+

K = b Y 0w Taseh, )
where a=ksky and B = kzk,+ k. Without loss of
generality and to simplify the analysis, the world frame
is defined to be on the environment so that z. = O. The
differential equation relating the contact force F' to the
reference position z,. is found to be
d3 2
Wg—-}- [K,+- akd]-(fi—tiF- + lak, + b'kg - abke]%?

+ [V'ky 4 BbEF = [bheky)

dz,
d

T (bhekJey (6)



Now, to apply a constant force on the environment,
the reference position z, will be chosen to penetrate
into the environment by a constant amount. Hence,
we can set 4= = O and investigate the stability of the
third-order differential equation (6) using a Lyapunov
approach. In order to improve the performance of the
compliant control system, it is suggested that the com-
pensator gain 8 be a nonlinear function of the contact
force F. On applying Barbashin’s theorem to the third-
order nonlinear differential equation (6), the following
three stability conditions are obtained [1 1]:

(i) Edokd 59

, vd
(i) hellifp2 50

kytakg | | ak,+b'kgt+akeb d | bk,1bk
) [ [retppana] - ] >

where it is assumed that the parameters (Ka, k,, @)
of the compensator are fixed and the parameter B
is a function of the contact forc_f. Conditions (i)
and (ii ) are satisfied when the compensator parameters
(kq, ks, a, 8) arc chosen to be positive. Condition (iii)
simplifies 10O

d 1 [ k2 ;
oo 18] < o ] o o]

ka
(7
Suppose that we Wish to emulate the user-spccifi’ed
steady-state static target interaction model

Fm = kmxss (8)

Then, wc can choose the compensator gain 8 as a func-
tion of deviation of the actual contact force F from its
desired value F,,. Now, 8 must be chosen such that

B F 4 has afinite upper-bound which satisfies the
stability, inequality (7). A viable choice of 8is

B = Bo -+ '7[] - CIP([ﬂm - IP)/T] (9)

where v and-are positive constants specified by the
user, and 3, is the nominal value of 8 that produces the
target model stiffness km. With this choice of 8, when
I > F,, the value of 8 increases, and this in turn de-
creases the apparent stiffness k,, = bk ok, /[b'ks 4 bkeS]
obtained from (6) and reduces the contact force F. Sim-
ilarly, when F' < F,,,, 8 decreases 10 increase the appar-
ent stiffness and thus increases the contact force. Note
that since 98 = 2 eap|(F,, - F)/7],~ reflects the “rate-
of-adapt, ation” or sensitivity of/? to F. It can readily be
shown that with this choice of g, the expression 3+ Fg-g
is upper-bounded by 3,,, that is

ag

BV <P (lo)

where B, = Bo + y[1 4 exp(F,, /7 — 2)]. Hence, from
inequalities (7) and (10), wc conclude that a sufficient
condition for closed-loop stability is given by

Bm < aa+ ozﬁ (11)
kq
A more conservative sufficient, but not a necessary, con-
dition for stability isfound to be
ﬁrn ks
- < *a (12)
Inequality (12) imposes a simple condition which guar-
antees closed-loop stability without any knowledge of
the robot parameters (a, b,b') or the environmental
gtiffness k..
In order to appreciate the operation of the compen-
sator gain 8, from (9) wc obtain

id/ti = {.Z.exp[(Fm - )/} %1:3 (13)

From (13), it is seen that 98 and 4F have the same
sign. This implies that when F isincreasing (4f > O),
B aso increases in order to reduce F to F,,,. Similarly,
when F is decreasing (4F < O), B8 also decreases SO as
to increase F to F,,. We conclude that the adaptation
law given by (9) is expected to improve the performance
of the compliant control system.

3.2 MRAC-Based Adaptive Compli-
ance Compensator

Consider the compliant motion control system shown in
Figure 2. In this section, we develop a simple MRAC-
based adaptive compliance control scheme to ensure
that the dynamic mode! relating the reference position
x,. to the contact force F emulates a user- specified tar-
get dynamic model. ‘I’ his enables the robot to exhibit
the same response characteristics, e.g., apparent stiff-
ness and time-constant, when contacting environments
with different stiffnesses.

From equation (6), the actual interaction dynamics
representing the manipulator-environment interaction
can be described by the third-order differential equation

kg O°F ‘ ke + akg] &2F aks 4 bky ta ii_fi

bk, “dt3 bk, dt? bk, dt
'k, A dz

; - = r 14

4 bl '{_ﬂ F=Fk, i 4 kyx, (14)

The numerical value of k4 is often chosen to be small to
filter out the high-frequency noise superimposed on the
contact force. Furthermore, ;’: is often a small number



in practice. Therefore, for adaptive control develop-
ment [12], the third-order full dynamic model (14) can
be approximated by the first-order reduced dynamic
model

[ak, + ukd+

o o+ _
S IF(t) " ij(t)

= K&.()+- kexr(t)  (15)

Notice that the reduced-order model (15) can alter-
natively be obtained by ignoring the dynamics of the
position-controlled robot. On applying a reference po-
sition command z, with constant final value, the con-
tact force I responds with the time-constant 7 =
""Jff—;ﬂ;" and presents the steady-state apparent
Stiffness kes = gept—- It is seen that both the re-
sponse time and the apparent stiffness arc functions of
the environmental stiffness k.. Therefore, durmg con-
tact with soft environments (k. <<), w“—"ti-—i and
kes = O; while for hard environments (k. >>) w—

and ks~ . Since the environmental stiffness k

can vary by several orders of magnitude, if the com-
pensator parameters |a, 8, k4, k] are fixed, the robot
will exhibit highly non-uniform and possibly unstable
response characterist ics when contacting different envi-
ronments.

In order to overcome this problem and obtain a
uniform and desirable performance, a simple adaptive
scheme is proposed to “tune”’ the compensator gains o
and 8 automatically on-line as functions of the contact
force F, while choosing constant values for kg and k.,
In practice, wc set k, =1 and choose k4 to filter out
tile fen-cc measurement noise. Suppose that the desired
dynamic performance of the contact force Fin response
to the reference position z, is described by the target
interaction dynamics

() F e Fa(®) = K&+ bnlt) (19
w Liere F,,, denotes the desired behavior of F, and 7,
and k,, arc the desired user-spccificd time-constant
and apparent stiffness, respectively. This ensures that
the environment behaves like a simple spring-damper-
spring system with user-spccifkd paramters 7m, km, kd,
and k,. Following [13], the adaptation laws for e(t) and
B(t) which ensure that the actual interaction dynamics
(15) tends to the target interaction dynamics (16) arc
given by

alt) = a(0) 1m /0 @ + me®PE) (17)

t
0= /3(0)+ ) | e(t) F(t)dt 4 Mee(t)F(t) (18)

lo

where e(t) = F(t)— F,, () is the deviation of the ac-
tual contact force F(t) from its desired value Fy, (t),
[71,)\1] are constant positive integral adaptation gains,
and [7,, A2] are zero or positive constant proportional
adapt ation gains. The adaptation laws (17)-(18) ensure
that the actual contact force F follows the desired con-
tact force F,,, asymptoticaly, i.e, e(t) — 0ast — oo.
Note that the desired force Fy,.(t) is aobtained by solv-
ing the target interaction dynamics (16) with the given
reference position z, (t). To enhance robustness to the.
unmodeled manipulator dynamics, the a-modification
method [12] is used, and the improved adaptation laws
arc given by
t t

a(t) = a(0)+m / WPt e (t)=01 | alt)i
0
t 0(19)
B(t) = BO)4A /0 (P @i+ D) -0 AlO)
°(20)

The o-modified adaptation laws (19)-(20) for e and 8
ensure that the residual tracklng error e = F—F;,, tends
to a bounded set of Order (o), while guaranteeing ro-
bustness to the unmodclcd third and second-order dy-
namic term.. in equation (14).

Finaly, by setting v2 = O and using integration-by-
parts, equation (19) simplifies to

a(t) = a(0) 4+ 3nF* (1) — nFa()F(2)
41 Ji Fa@F(t)dt — 01 fy alt)dt  (20)

Note that since the desired contact force Fro(i) is a
smooth noise-free signal obtained from the target inter-
action model (16), the desired force rate Fi,(t) can be
computed directly and used in the adaptation law (21).
It is seen that the computation of the compensator gain
a(t) from equation (21 ) dots not require knowledge of
the actual force rate F(t), which can be difficult to ob-
tain in practice since F(t) isanoisy signal.

Wc conclude that the adaptive lag-plus- feedforward
compli ancc control law is given by

21(0) = f-a)PE)+ PO - fia(t)lﬁ'a) 22)

where ' = e F isthe filtered contact force, and the
control scheme is shown in Figure 3. Notice that nei-
ther the compliance control law (22) nor the adaptation
laws (20)-(21) require the contact force rate information
P(t).

4  Simulation Study

The force control scheme described in Section 3 is
now applied through computer simulations to the 7



DOF Robotics Research Corporation (RRC) Model K-
1607 arm, shown in Figure 4. The full nonlinear dy-
namic model for this arm is integrated into a graphics-
based robot simulation environment hosted on a Silicon
Graphics Personal IRIS workstation [14]. In the simula-
tion, the robot position control system employs a high-
performance adaptive controller described in [15]. This
controller ensures that any commanded end-effecter po-
sition trajectory z. is tracked accurate] .

The simulation study demonstrates the capability of
the proposed compliance control scheme to achieve a
desired end-effecter/environment contact force. In this
study, a frictionless reaction surface modeled as lin-
early elastic with a stiffness of 1001b./in in series with
a damper having the friction coefficient of 10lb.sec./in
is placed in the robot workspace. This reaction sur-
face is oriented normal to the y axis and is located at
ve = -22. 125; thus the measured contact force F is
modeled as

ja 0 if y< —22.125
| 100(y + 22.125) 410y if y >-22.125

The task requires the exertion of a10lb contact force
normal to the reaction surface while tracking a smooth
5in trajectory tangent to the surface. Thus we define
zr=xi-12.5[1—cos(n/5)t]fort ¢ [0, 5], wherez;is
the - component of the initial end-effecter position. For
simplicity, the end-effecter orient ation and = coordinate
are maintained at their initial values throughout the
t ask,

To illustrate robustness of the force control scheme
in accommodating unexpected changes in the environ-
mental stiffness, the stiffness k. is changed abruptly
from k.= 1001b/in to k. = 25lb/in a the midpoint
of the =z, trgjectory at ¢t = 2.5 seconds. The control
objective iS to maintain the contact force at 101b de-
spite this stiffness variation. This situation can occur
in practice when tracking along a surface composed of
two materials with different stiffness.

Let us apply the MRAC-based adaptive lag-plus-
fecdforward compliance compensator K(s) = —,S—jiﬁ’—
developed in Section 3.2, where o and 3 are adap
tive gains while k; and k, are fixed cocflicients set at
kq= 0.05, and k,= 1. With this choice of (k4,%,),
the cutoff frequency of the low-pass filter hT’M- isat
20rad/sec. For compliance control, there is no force
setpoint Fy.; instead the desired contact dynamics is
specified by the user. Suppose that the target contact
dynamics is chosen as

0.004F,, (1) 4 0.02F, (1) = 0.055.(t) 1y, (1)  (23)

which has the desired time-constant 7., = §% = 0.2
scc and the desired stiffness ky, = 547 = 501 b/in. To

obtain a constant contact force of 10lb, the reference
position is chosen to penetrate into the reaction surface
by y,= 0.2 inches, so that Fys = knyr = (50)(0.2) =
10lb. The adaptation laws for the compensator gains o
and 3 are chosen as

aft) = 1074 {o.1+o.001 fo Ol — /0 ta(t)dt} (24)

B(t) = 1074 {O.I—I-IO/Ote(t)F(t)dt— /Otg(t)dt}

where e(t) = F(t) - Fro(t), and Fro(t) is obtained by
solving the target dynamics (23) with y,. = 0.2. Figures
5a and 5b depict the variations of the contact force F
and the compensator gain 8 during the task.’From
Figure 5a, it is seen that initially the contact force
F responds rapidly to the step reference position ...
This initial deviation of F from F,, causes the adap-
tive gain 8 to increase, which in turn forces F to track
the desired trgjectory F,,. The transient response lasts
57, = 1 second and fort > 1, F tracks ¥y, exactly and
reaches the steady-state value Fss = kmyr=101b. at
t= 2.5 scc when the environmental stiffnes k. decreases
abruptly, the contact force drops instantaneously but is
restored to the target force F,, in 1.5 seconds. Since
B determines the stiffness of the compensator as given
by k. = K'(0) = &=, it is interesting to con-
sider the steady-state values of 8 in the time periods
O<t <25and 25<t < 5. During contact with
the hard surface (k. = 100), from Figure 5b we have
Bss = 0.01; hence k, = 100 and the apparent stiff-
ness is kap = [k;' + k717! = [0.01 + 0.01]'=50
which is the specified model stiffness km. During con-
tact with the soft surface (k.= 25), from Figure 5b
wc have B, = —0.02; hence k.= -50 and kqp =
[-0.02 4 0.04]"=50 =k, again. We conclude that
the adaptation law has resulted in a negative vaue for 8
[corresponding to positive force feedback loop] in order
to increase the apparent stiffness of the surface from
ke =25 to km = 50. Finally, note that from Section
3.2 the force rate information F is not required for im-
plementation of this control scheme.

5 Discussions and Conclusions

Force control based on compliant motion is discussed in
this paper. The compliance control approach is an im-
plicit force control scheme that uses reference position
as command and achicves a desired contact dynamics.
The adaptive compensator gains ensure stable and uni-

2Gince the adaptationgain for o is small, o varies very slightly

from its initial value.



form performance in contact with environments having
unknown stifinesses.

It is important to appreciate the subtle difference
between the conventional impedance control and the
proposed compliance control. Consider the standard
second-order target impedance dynamics [3]

mi, + blg, — & + klzy — 2] = F

where =z, is the reference position and x is the actual
position of the cnd-effecter and F is the contact force.
Assuming a linearly elastic environment, F = k.z, the
impedance dynamics reduces to

i—ﬁ‘ + (11 —+ -;,:-‘;) F = m&, 4 bi, + ka,
It is seen that the dynamic model relating =, to F is
dependent on the environmental stiffness k.. Hence,
under impedance control, the robot will exhibit dif-
ferent characteristics, e.g., apparent stiffness and re-
sponse time, when contacting different environments.
Thisisin contrast to the proposed compliance control
approach which attempts to maintain a user-specified
invariant target dynamics between =z, and F drrespec-
tive of the environmental stiffness, such as

o 1 .
B (8) + 7= Foa(2) = katin (1) + koe(2)

where 7y,, km, kd, and k, are user-specified parameters.
Ience, the goal of compliance control isto provide the
same robot-environment interactoin dynamics regard-
less of the environmental stiffness.
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Figure 3. MRAC-based adaptive compliance control scheme
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